Objective: Type 2 diabetes mellitus (T2DM) management requires continuous treatment intensification due to progressive decline in b-cell function in insulin resistant individuals. Initial combination therapy of a dipeptidyl peptidase (DPP)-4 inhibitor with a thiazolidinedione (TZD) may be rational. We assessed the effects of the DPP4 inhibitor alogliptin (ALO) combined with the TZD pioglitazone (PIO), vs ALO monotherapy or placebo (PBO), on b-cell function and glycemic control in T2DM. Material and methods: A 16-week, two-center, randomized, double-blind, PBO-controlled, parallel-arm intervention study in 71 patients with well-controlled T2DM (age 59.1G6.3 years; A1C 6.7G0.1%) treated with metformin, sulfonylurea, or glinide monotherapy was conducted. Patients were treated with combined ALO 25 mg and PIO 30 mg daily or ALO 25 mg daily monotherapy or PBO. Main outcome measures included change in A1C and fasting plasma glucose (FPG) from baseline to week 16. In addition, change in b-cell function parameters obtained from standardized meal tests at baseline and at week 16 was measured. Results: ALO/PIO and ALO decreased A1C from baseline by 0.9G0.1 and 0.4G0.2% respectively (both P!0.001 vs PBO). FPG was decreased to a greater extent by ALO/PIO compared with ALO monotherapy (P!0.01). ALO/PIO treatment improved b-cell glucose sensitivity (vs PBO; P!0.001) and fasting secretory tone (vs PBO; PZ0.001), while ALO monotherapy did not change b-cell function parameters. All treatments were well tolerated. Conclusion: Short-term treatment with ALO/PIO or ALO improved glycemic control in well-controlled T2DM patients, but only combined ALO/PIO improved b-cell function. These data support that initial combination therapy with a DPP4 inhibitor and TZD to address multiple core defects in T2DM may be a sensible approach.
of patients and is often of short duration due to progressive decline in b-cell function (3) . This may in part be due to the currently advocated treatment paradigm, which is characterized by a stepwise approach (4) . After initiation of lifestyle interventions and metformin treatment, another anti-hyperglycemic agent, classically sulfonylurea, or basal insulin is added (1) , although in the last EASD/ADA statement recently developed drugs, i.e. the thiazolidinediones (TZDs), glucagon-like peptide-1 receptor agonists (GLP1RA) or dipeptidyl peptidase-4 (DPP4) inhibitors, are allowed. Despite this broadening of treatment options, the stepwise approach may be ineffective due to the fact that intensification is often delayed (5) and serial failures are frequently observed due to modest A1C reductions following introduction of glucose-lowering therapies after metformin therapy (6) . In addition, the current treatment strategy does not address the multiple core defects of T2DM at the same time, i.e. islet-cell dysfunction, insulin resistance, and impaired incretin action.
Another regimen that was proposed, but for which to date evidence is scarce, is to start aggressively, using initial combinations of different agents that address the core defects of T2DM at the same time (1, 5, 7) . In this regard, combination therapy with incretin-based therapies, i.e. either GLP1RA or DPP4 inhibitors, agents that were shown to improve a-and b-cell function in humans (8, 9) , and insulin sensitizing agents, such as metformin or TZDs may have synergistic, more durable, and potentially disease-modifying effects. Beside their effects on islet cell function, DPP4 inhibitors are weight-neutral and their use is associated with low hypoglycemia rates (10) . TZDs not only enhance hepatic and peripheral insulin sensitivity but were also shown to improve b-cell function (11) . Indeed, TZDs uniquely were shown to durably lower A1C in several studies in T2DM for up to several years of treatment (1) .
Previously, DPP4 inhibitor and TZD combined treatment improved glycemic control in T2DM, when used as add-on therapy (12, 13) or as initial combination therapy (14, 15) . However, the initial effects of combined DPP4/TZD therapy on b-cell function in T2DM patients have currently not been studied. In this study, we investigated the effects of initial combination therapy with the DPP4 inhibitor alogliptin (ALO) (16) and the TZD pioglitazone (PIO) on model-derived parameters of b-cell function, obtained from standardized meal tests in T2DM patients, whose glycemic control was just off target on monotherapy with one single oral hypoglycemic agent (metformin, sulfonylurea, or glinide). The effects of initial combination therapy were compared with ALO monotherapy or placebo (PBO).
Subjects and methods
Recently, the main paper of this study has been published, which reported on the effects of study medication on postprandial triglyceride metabolism. Throughout this paper, we refer to that manuscript on several occasions (17) .
Patients
Subjects were recruited from community hospital diabetes outpatient clinics and by newspaper advertisements. Seventy-one patients were enrolled (Fig. 1) . Study participants were between 18 and 70 years old, had T2DM, and had not reached adequate glycemic control with diet and exercise or a stable dose of metformin, sulfonylurea, or glinide for more than 3 months before screening. Study medication was added-on to this ongoing monotherapy, which was continued during the study. Major entry criteria included a baseline A1C 6.5-9.0% (48-75 mmol/mol), fasting plasma glucose (FPG) !13.3 mmol/l, and BMI 23-45 kg/m 2 (17) . All nonexcluded medications should have been taken on a stable dose since at least 4 weeks before screening. The participants agreed to maintain their previous diet and exercise regimen during the full course of the study. Major exclusion criteria included use of weightlowering drugs, glucocorticoids, lipid-lowering agents (other than statins or ezetimibe), or any investigational blood glucose lowering agent within the past 3 months. Furthermore, patients with a history of type 1 diabetes,
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hypertension, or allergies to ALO or PIO were excluded. The study protocol was approved by the ethics review board at each study site and was in accordance with the principles described in the declaration of Helsinki. All study participants gave their written informed consent before screening. The study is registered with ClinicalTrials.gov (NCT00655863). 
Study design

Standardized meal test
At baseline and week 16, a standardized meal was given in the morning. No study medication was given before the test meal at baseline. Study medication was taken with 200 ml water 30 min before the meal at week 16. The standardized test meal, which contained w919 kcal with 14% protein, 49% fat, and 36% carbohydrates, was consumed within 10 min. Blood samples were drawn from a catheter placed in the antecubital vein at 15 and 5 min before starting the meal, and 0.25, 0.5, 1, 2, 3, 4, 5, 6, 7, and 8 h after the meal. Subjects were allowed to drink only water until the final blood sample had been collected. Glucose, insulin, and C-peptide samples were obtained at every time point of the standardized test meal. A1C was obtained during the study visits at baseline, week 8, and week 16.
Analytical determinations
Plasma glucose, insulin, and C-peptide were analyzed at the Department of Clinical Chemistry, Sahlgrenska University Hospital, Göteborg, Sweden. GLP1 and glucagon were analyzed at the Department of Biomedical Sciences, The Panum Institute, University of Copenhagen, Denmark.
Data analyses
Absolute area under the 8-h postprandial curves (AUC) for glucose, insulin, and C-peptide curves was determined by using the trapezoidal rule. Homeostatic model assessment of insulin sensitivity (HOMA-S) was calculated for fasting insulin sensitivity (18) . Oral glucose insulin sensitivity (OGIS) as a measure for postprandial insulin sensitivity was calculated (19) .
b-cell function during the standardized meal test
Pancreatic b-cell function was assessed with a model that describes the relationship between insulin secretion and glucose concentration, which has been described in detail previously (20, 21) . The model expresses insulin secretion (in pmol/min per m 2 of body surface area) as the sum of two components. The first component describes the doseresponse relation between insulin secretion and glucose concentrations during the meal test. Three parameters are obtained from this dose-response relation. The first is the sensitivity of the b-cell to changes in plasma glucose levels, called glucose sensitivity. It is derived from the mean slope of the dose-response curve. Second, the fasting secretory tone is calculated from the dose-response curve. This represents fasting insulin secretion rates (ISR) at a fixed glucose concentration of 8 mM (approximately the mean fasting glucose concentration in the groups). The third parameter is a potentiation factor, which may account for several potentiating signals to the b-cell (e.g. nonglucose metabolites, gastro-intestinal hormones, and neural factors) or amplifying pathways within the b-cell (22) . The excursion of the potentiation factor was quantified using a ratio between mean values at times 160-180 and 0-20 min, and is called the potentiation factor ratio (PFR). The second component of the model describes the insulin response to the rate of change in glucose concentration. This component is termed rate sensitivity, which is related to early insulin release. The model parameters were estimated from glucose and C-peptide concentration by regularized least squares, as described previously. Regularization involves the choice of smoothing factors that were selected to obtain glucose and C-peptide model residuals with standard deviations close to the expected measurement error (1% for glucose and 5% for C-peptide). ISR were calculated from the model every 5 min. Estimation of the individual model parameters was performed blinded to the randomization of patients to treatment. In addition to model-derived parameters, we also calculated the insulinogenic index, a marker of early insulin release, as follows: (insulin TZ30 Kinsulin TZ0 )/ (glucose TZ30 Kglucose TZ0 ).
Statistical analyses
The primary endpoint of the study, on which the power analysis was based, was change from baseline in postprandial incremental AUC for triglycerides at week 16, and was reported before (17) . Postprandial glucose, insulin, and C-peptide concentrations were secondary objectives. Modeling analysis of b-cell function was an exploratory endpoint of the original study protocol. The statistical analyses were conducted using an analysis of covariance (ANCOVA) model. Change from baseline in b-cell parameters (glucose sensitivity, fasting ISR, rate sensitivity, PFR) and other parameters of interest was used as the response variable, treatment as fixed effect, and the respective baseline values as a covariate in addition to age at baseline and treatment-induced changes in bodyweight. Parameters that were non-normally distributed were log-transformed. Comparisons between each pair of treatment arms were obtained using contrasts and a twosided 0.05 significance level. No multiplicity adjustments were used. Data are presented as mean valuesGS.E.M. or medianGIQR. All statistical analyses were run on SPSS for Mac version 19.0 (SPSS). Table 1 lists the characteristics in the three treatment groups at baseline as previously published (17) . The entire study population was Caucasian and 70% were male. No differences in demographic characteristics, medical history, or use of concomitant medications (Supplementary Table 1 , see section on supplementary data given at the end of this article) were observed among the treatment groups at baseline (17) . Importantly, there were no differences between the use of insulin secretagogues at baseline (Table 1) . Overall, diabetes was well controlled; however, A1C was just above target as recommended by the ADA/EASD guidelines for patients with uncomplicated T2DM of relatively short duration and in the absence of significant co-morbidity (4). At 16 weeks, ALO/PIO increased, while ALO monotherapy reduced weight from baseline ( Table 2 ).
Results
Baseline characteristics
Parameters of glycemic control
As reported in our previous study, following 16 weeks of treatment, both ALO/PIO and ALO significantly reduced A1C from baseline, as compared with PBO (P!0.001) ( Table 2 and Fig. 2A) . Similarly, fasting glucose concentrations were reduced by both ALO/PIO and ALO treatment ( Table 2 and Fig. 2B ). Both parameters were reduced by ALO/PIO combination therapy to a greater extent than ALO monotherapy (Table 2 and Fig. 2A and B) . As compared with baseline, fasting glucose levels increased in the PBO group at week 16 ( Table 2 and Fig. 2B ).
Postprandial measures
Both ALO/PIO combination therapy and ALO monotherapy decreased postprandial glucose concentrations as compared with PBO (Table 2 and Fig. 2C, D and E) . The surplus reduction in postprandial glucose concentrations by ALO/PIO over ALO monotherapy was significant. Postprandial glucose levels increased in the PBO group as compared with baseline (Table 2 and Fig. 2C, D and E) . ALO/PIO combination therapy reduced postprandial insulin and C-peptide concentration, while ALO vs PBO did not affect postprandial insulin and C-peptide concentrations (Table 2 ). Postprandial levels of GLP1 were significantly enhanced in patients with ALO/PIO as compared with PBO, with the largest increase in the ALO monotherapy arm (17) . Postprandial glucagon levels were suppressed to a similar extent by ALO/PIO and ALO monotherapy, as shown previously (17) ( Table 2 ).
b-cell function parameters
Fasting insulin secretion at a fixed glucose level was significantly improved by 35G19% for combined ALO/PIO treatment, but not for ALO monotherapy (Fig. 3) . Combined ALO/PIO treatment also improved b-cell glucose sensitivity by 58G18%. Insulinogenic index and rate sensitivity as measures for early insulin secretion were not affected by any of the treatment arms. (PZNS). Changes in rate sensitivity were also nonsignificant as shown in Fig. 3 . PFR was not affected by study medication ( Fig. 3 ; Supplementary Table 2 and Figure 1 , see section on supplementary data given at the end of this article).
Insulin sensitivity
Fasting insulin sensitivity, defined as HOMA-IR, was significantly increased by ALO/PIO combination therapy as compared with both PBO and ALO, but was not altered by ALO monotherapy (Table 2 ). However, both ALO/PIO and ALO, relative to PBO, improved postprandial insulin sensitivity (OGIS) ( Table 2 ). As expected, ALO/PIO resulted in a significantly greater improvement in OGIS as compared with ALO monotherapy (Table 2 ).
Safety and tolerability
One person withdrew informed consent and left the study, this was not driven by an adverse event (AE; Fig. 1 ). The incidence of AEs: 59% for the ALO/PIO group, 63% for the PBO group, and 76% for the ALO group has been reported previously (17) . The most common AEs by preferred term were nasopharyngitis, constipation, and dizziness. Mild hypoglycemia was reported by three individuals in the ALO/PIO arm, but none in other groups. Most AEs were mild in severity and assessed as related to study treatment. Five severe AEs were reported in three subjects, none resulting in discontinuation from the study, and no deaths occurred during the course of the study. Of the five severe AEs, three were reported for one subject in the ALO/PIO group as a result of an incident (fall, head injury, and concussion), which were considered by the investigator not to be related to study drug. The other severe AEs were gastric ulcer and nephrolithiasis, reported for one subject each in the ALO group. Both were assessed as related to study drug. No clinically relevant changes in laboratory tests, ECGs, or physical examination findings were observed. ALO was generally safe and well tolerated in this study as monotherapy and as coadministered with PIO. The incidence of AEs and severe AEs was low and consistent with previous studies (17). 
Discussion
In this study, we demonstrate for the first time that initial combination therapy with ALO/PIO in patients with uncomplicated T2DM just above glycemic targets on a single oral anti-hyperglycemic agent improves islet-cell function as compared with ALO monotherapy and PBO. Together with beneficial changes in insulin sensitivity, ALO/PIO combination therapy improved glycemic control to a greater extent than ALO monotherapy and PBO, as has been also reported more recently (17) . Importantly, combined intervention with ALO/PIO therapy was well tolerated. ALO/PIO combination therapy addressed multiple core defects of T2DM by its complimentary mode of action. First, ALO/PIO combination therapy improved b-cell function. Using modeling analysis of glucose and C-peptide concentrations following a standardized meal test, we observed improvement in glucose sensitivity of the b-cell and increased fasting ISR by ALO/PIO treatment, both compared with ALO monotherapy and PBO, indicating improved b-cell function. This improvement in b-cell function is likely a combined effect of both ALO and PIO. DPP4 inhibitors were extensively shown to enhance static and dynamic b-cell measures, the latter including the insulinogenic index, mathematical model-derived parameters b-cell glucose sensitivity and fasting insulin secretion, and hyperglycemic clamp-measured first-phase, second-phase, and arginine-induced insulin secretion (8, 23) . PIO was also shown to improve model-derived parameters of b-cell function in subjects with T2DM (24) and in patients at high risk to develop T2DM (25) . However, whether these improvements are direct effects of TZD at the level of the b-cell, as suggested by in vitro studies (26) , or secondary to changes in insulin sensitivity and glucose levels, remains uncertain.
Secondly, in addition to changes in b-cell function, ALO/PIO treatment improved a-cell function as well. ALO/PIO treatment resulted in reduced glucagon levels, which contribute to improved glycemic control by reducing hepatic glucose production (27) . However, it should be noted that insulin levels were reduced by ALO/PIO treatment as well, therefore making the net effect on hepatic glucose production in this study uncertain. Lowering of postprandial glucagon levels has been extensively shown following short-term and longterm treatment with DPP4 inhibitors (8) , which may be attributed to increased GLP1 levels (28) . Indeed, active GLP1 levels were significantly increased by treatment with ALO/PIO as was reported elsewhere (17) .
Thirdly, in addition to the beneficial effects of ALO/PIO on islet-cell function and incretin levels, combined ALO/PIO treatment improved measures of fasting (HOMA-IR) and postprandial (OGIS) insulin sensitivity. PIO is well known to increase both hepatic and skeletal muscle insulin sensitivity (11) . Moreover, PIO improves adipose tissue function by stimulating adequate production of adipocytokines such as adiponectin and leptin, and also stimulates fatty acid uptake, thus protecting non-adipose tissue from lipid overload (29) . ALO treatment on the other hand is usually not associated with improvements in peripheral insulin sensitivity, although by reducing glucagon levels, hepatic glucose production may be reduced during hyperinsulinemia. In our study, improved insulin sensitivity contributed to the reduction in A1C levels by ALO/PIO treatment, since both fasting and post-meal glucose levels were reduced in the presence of declined fasting and postprandial insulin levels respectively. Interestingly, ALO/PIO improved these aspects in patients with uncomplicated T2DM, with glucose levels just above glycemic targets as recently issued by the ADA/EASD guidelines (4), leading to an impressive 0.9% reduction in A1C. Greater reductions in A1C levels up to 1.5% were demonstrated with DPP4 inhibitor/TZD combination therapy in T2DM patients with A1C levels of 8-9% at baseline (14, 15) . Similarly as observed in our study, in those trials hypoglycemia rates were comparable to PBO. This may be attributed to the fact that insulin secretion by ALO and PIO is related to prevailing glucose levels, and as such, no inappropriate insulin secretion occurs.
Another advantage of combination therapy with multiple hypoglycemic agents with complementary mechanisms of action is that side effects may be minimized, since lower dosages of each drug can be administered (7, 30) . For PIO, there are long-term safety concerns due to reports of increased risk to develop bladder cancer (31) and bone fractures (32) , in addition to their well-known fluid-retaining effects. These side effects are mostly related to higher dosages, while, importantly, anti-hyperglycemic effects are retained at lower dosages. As TZDs were durably shown to improve glycemic control (1) by preventing further decline in b-cell function (33) and PIO is not associated with increased risk for cardiovascular disease (34, 35) , PIO is an attractive glucose-lowering compound.
The effects of ALO monotherapy in our study were relatively modest. ALO monotherapy increased GLP1 concentrations, reduced glucagon concentrations, and improved insulin sensitivity, which may have been due to reduction in hepatic glucose production due to suppression of glucagon levels. Unfortunately, we did not use tracer methodology to test the effects of ALO on hepatic glucose production. Interestingly, in spite of the greatest increase in GLP1 after ALO monotherapy, these changes did not translate into better b-cell function or increased C-peptide secretion. An explanation could be that our patients displayed only modest hyperglycemia, and DPP4 inhibitors are well known to work in a glucosedependent mechanism.
Limitations of our study include the relatively small size of the study, adequate glycemic control at baseline, and lack of a PIO monotherapy arm. However, our sample size proved to be sufficient to detect the observed A1C changes. Also, although the overall glycemic control at baseline was good, both drugs were able to further lower A1C levels. Moreover, the effects of PIO monotherapy on glycemic variables (and the additional value of adding a DPP4 inhibitor to PIO monotherapy on these measures) have been extensively studied and published (11, 14) .
Finally, we chose to study b-cell function by performing standardized meal tests combined with mathematical modeling of b-cell function parameters. In general, the hyperglycemic clamp is currently considered to be the gold standard for the quantification of insulin secretion; however, it may not represent a physiological test because it does not include the effects of gut-derived factors, including incretin hormones and neuronal signals on b-cell function. A potential disadvantage of the meal test as compared with an oral glucose tolerance test (OGTT) could be more variable absorption of nutrients including glucose, resulting in a nonstandardized secretion stimulus to the b-cells. Also, variability exists between studies due to differences in meal composition, potentially hampering comparisons. On the other hand, a previous study did not show differences in variability in b-cell function parameters following a meal test vs an OGTT in a population-based cohort (36) .
In conclusion, ALO/PIO combination therapy improved fasting and postprandial glucose levels by addressing partly overlapping and complementary core defects of T2DM, and was well tolerated. Ongoing and future studies need to demonstrate potential benefits of early aggressive combination therapy as compared with the currently advocated stepwise treatment protocol.
